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The structure of melittin bound to dodecylphosphocholine (DPC) micelles was investigated
using hydrogen–deuterium (H/D) exchange in conjunction with collision induced dissocia-
tion (CID) in an rf-only hexapole ion guide with electrospray ionization-Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTICR MS). The deuterium incorporation into
backbone amide hydrogens of melittin with or without DPC micelles was analyzed at different
time points examining the mass of each fragment ion produced by hexapole CID. When
melittin existed alone in aqueous solution, more than 80% of amide hydrogens was exchanged
within 10 s, and the deuterium content in each fragment ion showed high values throughout
the experiments. When melittin was bound to DPC micelles, the percentage of deuterium
incorporation into the fragment decreased remarkably at any time point. It increased little by
little as the exchange period prolonged, indicating that some stable structure was formed by
the interaction with DPC. The results obtained here were consistent with the previous studies
on the helical structure of melittin carried out by NMR and CD analyses. The strategy using
H/D exchange and MS analysis might be useful for studying structural changes of peptides
and proteins caused by phospholipid micelles. It could also be applied to membrane-bound
proteins to characterize their structure. (J Am Soc Mass Spectrom 2001, 12, 1247–1253) © 2001
American Society for Mass Spectrometry
Transmembrane proteins play important roles inthe biological systems, such as signal transduc-tions, transporters, receptors, and ion channels.
In order to determine the tertiary structure of trans-
membrane proteins, X-ray crystallography, rather than
NMR, has mainly been utilized because of its large
molecular mass and insolubility to the aqueous solution
[1–3]. However, it is not so easy to obtain the atomic
coordinates in a short time. The most troublesome
problem of transmembrane proteins with crystallogra-
phy is the difficulty in their handling during the puri-
fication processes after overexpression. In addition, it
requires a large number of trial sets for seeking the best
condition to obtain a suitable crystal. Recently, mass
spectrometry (MS) has made a great progress in the
application to characterize large biomolecules, such as
proteins and nucleic acids. The greatest advantage of
MS is that it can provide structural information on
proteins with a much smaller amount of samples in a
shorter time compared with the crystallographic
method. Thus, MS is promising for the characterization
of membrane proteins if it is applicable to them.
Melittin is a water-soluble amphipathic helical pep-
tide of 26 amino acids with a strong haemolytic activity
isolated from the honeybee Apis mellifera [4–6]. It
readily binds to erythrocytes where the peptide causes
an increase in permeability for alkali metal ions, result-
ing in cell swelling and release of hemoglobin [7, 8]. The
molecular mechanism of haemolysis has been inter-
preted from kinetic studies [7–9] and from studies on
structure–activity relationship [7, 10] with analogous
peptides, because structural properties of melittin
bound to erythrocytes are difficult to be determined
directly. In addition, melittin has been a model peptide
for studying the general features of the structures of
membrane proteins. Its interaction with various lipids
has been studied extensively using CD [11], FTIR [12,
13], and NMR [13–17]. It has been known that melittin
exists in completely random conformation in aqueous
solutions but micelles of alkylphosphocholine induce
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melittin to form a helical conformation [15, 17]. Struc-
ture and orientation of melittin in dispersed phosphati-
dylcholine vesicles has also been studied [16, 18]. On
the basis of these studies, several models for the channel
formation by melittin have been proposed [17], but the
molecular mechanism of haemolysis at atomic level has
not been proven completely yet.
In the present study, we applied amide H/D ex-
change and MS to the structural characterization of
melittin in the presence of phospholipid micelles. When
an amide hydrogen is not hydrogen bonded and is
exposed to the solvent, it is easily exchanged with a
deuterium and its molecular mass increases one mass
unit. However, when it is involved in hydrogen bond-
ing or located in hydrophobic core, it remains as hydro-
gen in D2O. Thus, mass analyses before and after the
isotope exchange reaction can give information on the
protein structure. Based on this idea, several groups
have indicated that MS can be a powerful tool for
determining interaction sites of protein–protein [19–21]
and protein–ligand [22–25] complexes. To characterize
the structure in detail, it is preferable to check the
isotope distribution of ions derived from isotopically
exchanged proteins with high mass resolution. Since
FTICR MS provides extremely high resolution and high
mass accuracy for the determination of molecular
masses, it enables detailed investigation on the struc-
ture of proteins [20, 26]. In addition, several techniques
are available to cleave a large molecule, such as a
protein, into fragments within the ion cyclotron reso-
nance (ICR) mass spectrometer. If little isotope scram-
bling occurs during the fragmentation process, deuter-
ated amide position can also be identified. We have
shown that hexapole CID [27] can be used effectively
for the structural characterization of H/D exchanged
proteins [20, 26]. Thus, hexapole CID on ESI-FTICR MS
was applied in combination with H/D exchange to
analyze structural changes of melittin induced by the
presence of DPC micelles. Here we describe ESI-FTICR
MS analyses of amide proton exchange of melittin with
or without DPC in aqueous solution. Conformational
behavior of melittin in micelles that mimic its functional
state is investigated. The applicability of the present
method to the structural study of membrane proteins is
also discussed.
Experimental
Materials
Two types of honeybee melittin (a synthetic peptide
[M-4171] and a natural peptide [M-2272]) were pur-
chased from Sigma Chemical Co. (St. Louis, MO), and
used without further purification. No significant differ-
ence was detected in the results obtained with these two
types of peptides, although initially we worried about
the possible contamination of phospholipase A2 in the
natural peptide. The data indicated here were obtained
with the natural peptide. DPC was obtained from
Avanti Polar-Lipids, Inc. (Alabaster, AL). Acetic acid-d
(98% D) and deuterium oxide (99.9% D) were pur-
chased from Sigma Chemical Co. and Euriso-top CEA
Group (France), respectively.
Sample Preparation
For the H/D exchange experiments without DPC,
melittin was dissolved in methanol (1 nmol/l) and
aliquoted in small tubes. After blowing off methanol by
a stream of nitrogen gas, they were dried under high
vacuum overnight. Each tube contained 10 nmol of
melittin. For the experiments in the presence of DPC,
phospholipid thin films in small glass tubes were pre-
pared from chloroform solutions (10 mg/ml) by drying
off the solvent by a stream of nitrogen gas. The lipid
was then dispersed in methanol and dried again under
a stream of nitrogen gas, followed by the addition of
melittin solution dissolved in methanol (1 nmol/l) to
make the melittin:DPC molar ratio to 1:50 in the tube.
After blowing off the solvent, the peptide–lipid mixture
was dried under high vacuum overnight. Each tube
contained 10 nmol of melittin and 0.5 mol of DPC.
The peptide film was then dissolved in a small
aliquot of 5 mM ammonium acetate (pH 6.6), resulting
in 1 mM of melittin and 50 mM of DPC. In addition,
another set of melittin–DPC solution of 10 times higher
concentration (10 mM of melittin and 500 mM of DPC)
was prepared. The peptide or peptide–lipid solution
was kept standing for 3 h at room temperature, and
then subjected to H/D exchange reaction.
Isotope Exchange Reaction
The solutions of melittin or melittin with DPC micelles
were mixed with nine volumes of 5 mM ammonium
acetate in D2O (pDread7.1). It was allowed to stand for
different intervals (t; t  10, 30, 60, 120, and 300 s) for
the H/D exchange reaction to take place. The concen-
tration of melittin and DPC during amide proton ex-
change was (a) 100 M melittin and 5 mM DPC, or (b)
1 mM melittin and 50 mM DPC, respectively. The
concentration of melittin was 100 M when exchange
was carried out in the absence of DPC. Aliquots were
quenched at t s with 4 [for melittin alone and for (a)] or
49 [for (b)] volumes of cold 200 mM acetic acid-d/D2O
(pDread 2.6), making the concentration of melittin to 20
M, and immediately subjected to ESI-FTICR MS. The
pD meter readings were not corrected for isotope effect.
Each reaction was repeated three times. The mean
value of the percentage of deuterium incorporated into
amide hydrogens and the standard deviation for each
fragment ion at t s were calculated for each time point.
ESI-FTICR MS Analysis
The sample solution was introduced into the spectrom-
eter at a flow rate of 1 l/min using a syringe pump.
The infusion syringe was kept cold by wrapping it with
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an ice bag to suppress any further H/D exchange after
quenching. A fused silica capillary tube was used for
the infusion line and it was wrapped with a piece of
styrofoam to avoid warming the solution. Since the
dead volume of the infusion line was estimated to be at
most 10 l, an aliquot of 15 l was used for flushing the
line before each analysis.
MS analyses were carried out in the same manner as
reported previously [20, 26]. Briefly, spectra were ob-
tained with a Bruker (Billerica, MA) Bio-Apex II spec-
trometer, equipped with a 7T magnet and an external
electrospray ion source (Analytica, Branford, CT) by
accumulating 16 or 8 scans for each sample. Hexapole
CID spectra were obtained by increasing the capillary
exit potential to 190 V and by increasing the trapping
time in an rf-only hexapole ion guide to 1.5 or 3 s.
External calibration was carried out using bovine ubiq-
uitin purchased from Sigma Chemical Co.
Calculation of Percent Deuterium Incorporation
The centroid mass of the isotopic envelope of every
fragment ion at each H/D exchange reaction time was
determined. Determination of the deuterium content in
each fragment ion was carried out as reported previ-
ously [20]. The percentage of deuterium incorporation
into the backbone amide of each fragment was calcu-
lated by the difference of the observed and theoretical
centroid mass, taking the deuterium content of the side
chain into account as described previously [26].
Results and Discussion
Melittin Structure in the Absence of Phospholipid
Hydrogen–deuterium exchange experiments on melit-
tin were carried out and sample solution was subjected
to ESI-FTICR MS analyses. Figure 1 shows a hexapole
CID spectrum of melittin deuterated in the absence of
DPC, with its amino acid sequence and assignments of
the observed major ions. Since four basic amino acid
residues are located close to the C-terminus, y-type ions
were mainly observed with some b-type ions. In addi-
tion, several short internal fragments, such as [b11y24]9

and [b12y24]10
 were identified in the CID spectrum.
Since FTICR MS enables the acquisition of high resolu-
tion ESI mass spectra in which all the isotopic peaks are
fully resolved, it was easy to assign the observed ions to
the sequence. An example of high performance of
FTICR MS is demonstrated in the inset of Figure 1.
Though two isotope envelopes, M3 and y16
2, were
overlapped, identification of each fragment ion in the
spectrum was achieved without difficulty. Centroid
mass of each observed ion was determined by counting
the intensity of each isotopic peak in the envelope [20].
Since the isotope exchange reaction was carried out in 5
mM ammonium acetate in 90% D2O/10% H2O and
quenched with four volumes of 200 mM AcOD/D2O
(99.9%D), the final deuterium content of the solution for
MS analyses should be 98%D. Accordingly, the deute-
rium content in fast exchangeable hydrogens, such as
hydrogens in NH2 and OH groups, was expected to
be 98%. However, it was suggested that the deuterium
content in the fast exchangeable hydrogens were ca.
96% from the isotope exchange of a small peptide,
Leu-Enkephalin, (Tyr-Gly-Gly-Phe-Leu, MW 555.3), un-
der the present condition (unpublished data). The de-
crease of deuterium content might have been brought
about by back exchange during MS analysis. Thus, we
accepted the value of 96% instead of 98% as the deute-
rium content in fast exchangeable hydrogens, and cal-
culated the deuterium content of backbone amide hy-
drogens. We used AcOD/D2O to quench the exchange
reaction, rather than AcOH/H2O. If AcOH/H2O were
used for quenching, the back exchange could be
avoided completely and the deuterium content in side
chains would be exactly the same as that of the solution.
In such a case, however, amide hydrogens whose
exchange rate is relatively fast, such as those located
close to the terminus, should have re-exchanged to
hydrogen in the quenched solution, while amide hydro-
gens that are resistant to isotope exchange remain as
hydrogens. It is difficult to differentiate these two types
of amide hydrogens. Thus, AcOD/D2O was used for
quenching the reaction in the present study.
The H/D exchange experiments were repeated three
times and the mean value and standard deviation at
each exchange time were calculated to increase the
reliability of the data and to check the range of experi-
mental error. Figure 2 shows plots of the percentage of
deuterium incorporated into amide hydrogen positions
as a function of time (t  10, 30, 60, 120, and 300 s) for
some observed fragment ions generated by hexapole
CID. The mean value (n  3) of the percentage of
deuterium incorporated into each fragment was used
Figure 1. Hexapole CID spectrum of deuterated melittin ob-
tained by FTICR MS at 7 T. Assignments of major fragment ions
are indicated along with those of the multiply charged molecular
ions. Amino acid sequence of melittin is also shown at the top.
Inset is an expanded spectrum in the mass range of m/z 962 to 970.
Peaks with arrowheads correspond to isotopic peaks of y16
2, some
of which were overlapped with those of M3.
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for the plot. The deuterium content of amide hydrogens
in each fragment was more than 80% throughout the
experiments. No significant increase in deuterium con-
tent in any fragment ion was detected as the exchange
reaction proceeded. This suggests that a few amide
hydrogens in melittin might be hydrogen bonded and
resistant to exchange, but that most amide hydrogens
do not participate in hydrogen bond formation. Thus,
melittin should be in a random conformation in dilute
aqueous solution. This is consistent with the results
obtained previously [6].
Melittin Structure in the Presence of DPC
Micelles
The H/D exchange experiments were carried out also
for melittin in the presence of DPC micelles. The con-
centration of melittin during the exchange reaction was
100 M. That of DPC was 5 mM, which was five times
higher than the critical micelle concentration (CMC) of
DPC (1 mM). Thus, most of the DPC molecules were
considered to have formed micelles while H/D ex-
change reaction was carried out. Figure 3 shows a
hexapole CID spectrum of melittin complexed with
DPC. Since DPC in the sample solution was 50 times as
much as that of melittin, peaks related to DPC were
observed with higher intensity than those of melittin
fragments. Because of intense peaks originated from
DPC, some melittin fragments disappeared in Figure 3.
In addition, the presence of large excess DPC should
have caused less fragmentation of melittin. Several
peaks derived from DPC attached to multiply proton-
ated molecules of melittin were also observed in the
spectrum.
The deuterium incorporation into amide hydrogens
in each fragment ion of melittin in the presence of DPC
was calculated in the same manner as in the absence of
DPC at each exchange time (t  10, 30, 60, 120, and
300 s). The mean value (n  3) of the deuterium content
was used for the plot. Figure 2 shows the time courses
of deuterium incorporation into amide hydrogens of
melittin fragments in the presence of DPC, with plots
for melittin alone. In the presence of DPC, a remarkable
reduction in H/D exchange reaction rate was recog-
nized in all fragments at every time point. Some data
points indicated a decrease of deuterium content with
time, because fragment peaks observed in the presence
of DPC were not so intense and experimental error
could not be avoided for the determination of the
deuterium content of each fragment. At the exchange
period of 10 s, 40–50% of backbone amide was deuter-
ated. Deuterium content in each fragment increased
gradually, but only 50–70% amide hydrogens were
exchanged with deuterium within 120 s while more
than 80% were exchanged in the absence of DPC. Little
increase in deuterium content was observed from 120 s
to 300 s when DPC micelles coexisted in the solution.
The distribution range of the deuterium content in
each fragment had broadened at 300 s compared to
that observed in the absence of DPC. This suggests
that some amide hydrogens in melittin were hard to
exchange but some were not so difficult, when DPC
coexisted in the solution. Since the concentration of
DPC in the reaction mixture was five times higher
than its CMC, the majority of the DPC molecules was
supposed to have participated in micelle formation.
Accordingly, micelle formation of DPC induced par-
ticular structural change of melittin, and a remark-
able reduction in isotope exchange rate of amide
hydrogens was recognized through the experiment.
There are two possibilities why this structural change
Figure 2. The percentage of deuterium incorporation into amide
hydrogens in CID fragments of melittin as a function of time (s).
The exchange time courses of seven y-type and two b-type
fragment ions, and triply charged molecular ion obtained in the
absence of DPC are indicated with solid lines. The exchange time
courses of seven y-type fragment ions and triply charged molec-
ular ion obtained in the presence of 5 mM DPC are indicated with
broken lines.
Figure 3. Hexapole CID spectrum of deuterated melittin in the
presence of DPC obtained by FTICR MS. Assignments of major
fragment ions derived from melittin are indicated together with
those of the multiply charged molecular ions. Arrowheads indi-
cate the positions of DPC related peaks that were not observed in
the CID spectrum of melittin, including [nMH] or [nMNa]
(n 2, 3, 4, and 5) of DPC and adduct ions of some DPC molecules
to multiply charged molecular ions of melittin.
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occurred on melittin. One is that by the micelle
formation, the melittin molecule might have been
buried into a hydrophobic environment and the con-
tact with D2O was prevented. Another is that a
considerable number of amide hydrogens of melittin
might have been involved in hydrogen bonding and
melittin was with some stable conformation, when
DPC was present in the solution. To confirm that such
a structural change upon micelle formation of DPC
was peculiar to the amphipathic melittin, another
H/D exchange experiment on adrenocorticotropin
hormone (ACTH) fragment peptide 1–24, with the
sequence of SYSMEHFRWGKPVGKKRRPVKVYP, was
carried out. Although the size and amino acid sequence
of the peptide are similar to those of melittin, ACTH
fragment peptide 1–24 did not show a significant struc-
tural change by the presence of DPC micelles (data not
shown). Consequently, it was verified that DPC mi-
celles do not alter the structure of peptides equally.
It was expected that the higher the concentration of
DPC in the solution, the more the DPC micelles would
be formed. The concentration of 5 mM DPC might be
high enough to form micelles, but to obtain clearer
results on H/D exchange of melittin–DPC, another
series of experiments with 10 times higher concentra-
tion for each constituent was also carried out. The
concentration of DPC was 50 mM, which was 50 times
higher than CMC of DPC while the exchange reaction
was performed. Figure 4 shows the time courses of
deuterium incorporation into amide hydrogens of
melittin fragments under two experimental conditions;
4a, 100 M melittin and 5 mM DPC and 4b, 1 mM
melittin and 50 mM DPC. The reduction in deuterium
incorporation into amide hydrogens was magnified
when the concentration of DPC and melittin was in-
creased 10 times. Only 20–30% of amide hydrogens was
exchanged at 10 s, and about 35–55% of amide hydro-
gens was deuterated after 300 s of exchange reaction
period. Considering the amphipathic nature of melittin,
several melittin molecules whose amide hydrogens are
highly hydrogen bonded might have associated at
higher concentration. As a result, such retardation of
isotope exchange might have been observed.
In Figures 2 and 4, it was demonstrated that the
longer the y-fragment, the faster the exchange in the
presence of DPC micelles. Since every y-fragment con-
tained the C-terminus of melittin, it was suggested that
the amide hydrogens in the N-terminal part were
exchanged faster than those in the C-terminal part. The
difference in the exchange time courses of y24
3 and y13
2
was larger than that of y24
3 and y17
2 in the presence of
DPC. To correlate the observed deuterium incorpora-
tion to the structural features of melittin in the presence
of DPC, the percentage of deuterium incorporation into
each of the following segments was calculated: 1–8,
9–13, 14–17, and 18–26. The calculation was carried out
in the same manner as described previously [26], both
in the absence and presence of 50 mM DPC. When the
percentage of deuterium incorporated into individual
amide hydrogen positions was plotted, some amide
hydrogens showed erroneous time courses, as dis-
cussed previously [26]. The experimental error is exag-
geratedly reflected in the percentage of deuterium cal-
culated using two successive fragments. Thus, time
courses of deuterium incorporation into backbone
amide hydrogens were plotted for each segment, as
shown in Figure 5.
In the absence of DPC, the deuterium content of all
the segments was higher than 70% at every time point.
This indicates that most of the backbone amide hydro-
gens of melittin do not participate in hydrogen bonding
if melittin exists alone in an aqueous solution. Melittin
should be in random conformation. When H/D ex-
change was carried out in the presence of DPC, a
remarkable difference was found in the plots of ex-
change time courses of melittin segments. The plot of
the segment 9–13 revealed rapid isotope exchange of
amide hydrogen while the other three segments of 1–8,
14–17, and 18–26 showed slow exchange. Isotope ex-
change of the C-terminal segment 18–26 appeared to be
the slowest among the four segments. Since six amino
acid residues at the C-terminus of melittin, KRKRQQ,
are hydrophilic amino acids, this part should not have
been buried into the hydrophobic part of micelles. Thus,
the lowest exchange rate of the C-terminal segment
should have been caused by tight hydrogen bonds. The
reduction in deuterium content of melittin fragments in
the presence of DPC, as shown in Figure 2, should be
the results of the formation of hydrogen bonds, not the
result of less contact with D2O by burying into the
hydrophobic environment. According to the results
obtained by NMR study, melittin forms an -helical rod
with a kink at Thr11 and Gly12, and no hydrogen bond
is formed between Thr10 and Pro14 [15]. Our results are
in good agreement with the NMR data, showing high
Figure 4. The percentage of deuterium incorporation into amide
hydrogens in CID fragments of melittin as a function of time (s)
obtained by experiments under two different conditions, (a) 100
M melittin and 5 mM DPC and (b) 1 mM melittin and 50 mM
DPC. The exchange time courses of melittin fragments obtained
under the condition (a) are indicated with broken lines. Those
obtained under the condition (b) are indicated with solid lines.
Error bars indicate the standard deviations for the deuterium
contents of the fragments.
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exchange rate of the segment 9–13. It is concluded that
the combination of H/D exchange and MS analysis can
be used effectively for the structural study of peptide
bound to phospholipid micelles, even though 50 times
excess amount of phospholipid coexist in the sample
solution.
Anderegg and colleagues applied amide H/D ex-
change and MS/MS analyses to melittin in methanolic
solution (CD3OD:D2O:CD3COOD  80:20:2) [28]. They
mapped amide exchange rate to the sequence using a
triple quadrupole mass spectrometer and demonstrated
that amide protons of Gly12 and Leu13 exchanged most
rapidly among the 24 amide hydrogens. These results
indicated that melittin structure in methanolic solution
is similar to that in phospholipid micelles, as reported
by Bazzo et al. using NMR [29]. In addition, it was
found that CID analyses of H/D exchanged helical
peptides can give the information of stable and flexible
parts in the structure. It is true that the CID spectrum of
deuterated peptides should be interpreted carefully, but
serious scrambling of deuterated amide hydrogen does
not appear to take place during the CID process.
In a preliminary experiment, the structure of melittin
in the presence of 50 times molar excess of di-
oleoylphosphatidylcholine (DOPC) was also investi-
gated (data not shown). Since DOPC has two long alkyl
chains, it is expected to form lipid bilayer rather than
micelles. Its H/D exchange behavior was intermediate
between the free melittin and that bound to DPC
micelles, i.e., deuterium content at 10 s was 35–45% but
it increased rapidly to more than 80% within 300 s. This
might be caused by the weak interaction between
melittin and DOPC lipid bilayer but might also suggest
a molecular mechanism of haemolysis by melittin.
Melittin disrupts lipid bilayer into small structure [7, 8,
15]. This might have caused a higher exchange rate for
melittin in the presence of DOPC than that with DPC
micelles. Although it is of course required to carry out
several experiments and try several types of phosphati-
dylcholine to discuss the molecular mechanism of hae-
molysis, this result suggests that it might be possible to
obtain the structural information related to the func-
tional mechanisms of transmembrane peptides and
proteins by the present method.
Recently, a few groups reported that ESI MS can be
used for the structural study of transmembrane pep-
tides. Demmers and colleagues indicated that ESI mass
analyses can be used for the structural study of syn-
thetic transmembrane peptides incorporated in large
unilamellar vesicles in combination with H/D exchange
[30]. They utilized nano-ESI/MS/MS for synthesized
hydrophobic peptides and revealed that the transmem-
brane part was highly shielded from the solvent and
amide hydrogens were difficult to be exchanged by
deuterium. Bouchard and colleagues showed that sol-
vent effect on the conformation of the transmembrane
channel peptide gramicidin A can be studied by ESI MS
[31]. These studies are good examples indicating the
potentials of MS to probe the structural features of
transmembrane peptides. Our study also demonstrates
the high ability of ESI-FTICR MS for structural charac-
terization of peptides bound to micelles. In addition, we
have also shown that protein–protein interaction can be
studied with the present method using FTICR MS,
without enzymatic digestion [20]. Thus, the combina-
tion of H/D exchange with ESI-FTICR MS analysis
might be promising for studying structure–function
relationship of transmembrane proteins that are not
easy to study by X-ray crystallography or NMR.
Conclusions
We applied H/D exchange in conjunction with imme-
diate analysis by hexapole CID on ESI-FTICR MS to the
structural study of melittin bound to micelles that
mimic its functional state. In the absence of phospho-
lipid, each fragment ion showed high deuterium con-
tent even with a short period of isotope exchange,
suggesting that it was in random conformation in a
dilute aqueous solution. When melittin was bound to
DPC micelles, remarkable drops in deuterium contents
were recognized. This might suggest that micelle for-
mation induced conformational change of melittin and
amide hydrogens were supposed to be highly hydrogen
bonded. From the detailed analysis of time courses of
exchange reaction, only the segment 9–13 showed a
relatively high exchange rate among the four segments
(1–8, 9–13, 14–17, and 18–26) of melittin, suggesting
Figure 5. The percentage of deuterium incorporation into amide
hydrogens in segments of melittin in the (a) absence and (b)
presence of 50 mM DPC as a function of time (s). Error bars
indicate the standard deviations for the deuterium contents of the
fragments or the sum of those of the two fragments used for the
calculation. The percentages of deuterium incorporated into the
C-terminal segments (18–26) are taken from the deuterium con-
tents in the y9
 ions at t s. The percentage of deuterium incorpo-
rated into the other segments (Dxy (%), x  y) are calculated as
follows: (1) For the 1–8 segment: D1–8 (%)  [nM  DM (%)  n9
 D9 (%)]/(nM  n9). nM: the number of the backbone amide
hydrogens in melittin. DM (%): percent incorporation of deuterium
into amide hydrogens of M3. n9: the number of the backbone
amide hydrogens in the y18 fragment. D9 (%): percent incorpora-
tion of deuterium into amide hydrogens of the y18 fragment. (2)
For the 9–13 and 14–17 segments: Dxy (%) [nx Dx (%) ny1
 Dy1 (%)]/(nx  ny1). ni: the number of the backbone amide
hydrogens in the y(261i) fragment. Di (%): percent incorporation
of deuterium into amide hydrogens of the y(261i) fragment.
Details for the calculation are described in reference [26].
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that this part was flexible. This is consistent with the
NMR results that melittin forms an -helical rod with a
kink at Thr11 and Gly12. The present study demon-
strates that it is possible to characterize the structure of
a peptide bound to phospholipids by H/D exchange in
combination with CID in a hexapole ion guide using
ESI-FTICR. Analysis can be carried out in a short time
with a small amount of sample. It might be possible to
apply this method to the structural study of transmem-
brane proteins.
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